Standard gait analysis techniques can be cumbersome and time consuming. Subjects must walk at a set speed, place their feet squarely on one or more force plates, and data normally cannot be collected for successive strides. Temporal, kinetic, and kinematic information collected during formal gait analyses can also be obtained from subjects walking on a motorized treadmill. The advantages of collecting these data from a treadmill are the capacity to ensure a constant gait speed, and the ability to collect data continuously. The system described in the present study can collect and analyze ten to fifteen consecutive strides of gait in as little as 20 seconds. Using conventional methods, the collection of these data (for non-consecutive strides) could easily take over an hour. It was anticipated that such a device would be an especially effective aid in a rehabilitation context where patients could receive continuous real-time visual feedback during the gait retraining process. These expectations were supported in a subsequent study, with below-knee (BK) amputees, where symmetry for three feedback parameters improved by an average of 45% after only four minutes of feedback training (Dingwell et al., 1994) .
BACKGROUND AND SIGNIFICANCE
Standard gait analysis techniques can be cumbersome and time consuming. Subjects must walk at a set speed, place their feet squarely on one or more force plates, and data normally cannot be collected for successive strides. Temporal, kinetic, and kinematic information collected during formal gait analyses can also be obtained from subjects walking on a motorized treadmill. The advantages of collecting these data from a treadmill are the capacity to ensure a constant gait speed, and the ability to collect data continuously. The system described in the present study can collect and analyze ten to fifteen consecutive strides of gait in as little as 20 seconds. Using conventional methods, the collection of these data (for non-consecutive strides) could easily take over an hour. It was anticipated that such a device would be an especially effective aid in a rehabilitation context where patients could receive continuous real-time visual feedback during the gait retraining process. These expectations were supported in a subsequent study, with below-knee (BK) amputees, where symmetry for three feedback parameters improved by an average of 45% after only four minutes of feedback training (Dingwell et al., 1994) .
Combining treadmills and force plates is not a unique idea, but it is one that presents certain technical difficulties. Ohmichi (1991) describes a treadmill that was rigidly mounted to the top of two force platforms. However, the addition of extra mass to the force plate reduced the natural frequency of the system and also created problems of motor vibrations interfering with the signals obtained from the force plates. Kram and Powell (1989) designed a treadmill with a force plate mounted directly under the belt, with the driving motor mounted separately. However, mounting a force platform to a less than rigid frame can reduce the stiffness of the system, also lowering the natural frequency.
Biofeedback techniques have been successfully used in gait rehabilitation and have involved various combinations of temporal, kinematic, kinetic, and EMG parameters of gait, usually relayed back to the patient in an auditory or visual manner. Gapsis et al. (1982) reported the use of a Limb Load Monitor (LLM) designed to provide auditory feedback of weight bearing information from both limbs. The time required for ten subjects using the LLM feedback to reach their rehabilitation goals was significantly reduced compared with ten matched control subjects. This paper describes the design and development of a treadmill / force plate device and computer software capable of continuously quantifying information related to gait symmetry and displaying visual feedback of that information on a computer monitor placed in front of the subject. With this system, vertical forces under each limb can be analyzed in real time for multiple, successive gait strides. Three modes of visual feedback were developed to display gait symmetry information at a frequency of 100 Hz, and a variety of tests were performed to verify the accuracy of the force plate data and feedback software.
DESIGN OF THE DEVICE AND SOFTWARE
The current research was performed using a device (the "CCF Treadmill") modified from a "Tredex" treadmill made by Universal Gym Equipment (Cedar Rapids, Iowa). The treadmill frame was rigidly bolted and fixed with an epoxy cement directly to the concrete foundation of the building. Two AMTI force plates, model OR6-1 (Advanced Mechanical Technologies, Inc., Newton, Massachusetts), were bolted to an aluminum slab (53.5 cm × 104.8 cm × 6.0 cm) to provide a total walking surface over the force plates of 46.4 cm × 102.0 cm. The aluminum slab and force plates were bolted to two aluminum rails that were bolted and cemented to the foundation of the building such that the top surface of the force plates was directly underneath the treadmill belt. This design for the CCF Treadmill was based on a similar device described in Davis et al. (1991) . The separate but rigid force plate mounting minimized the added mass and maximized the stiffness of the system, thereby improving the natural frequency response of the force plates while minimizing vibrational interference. The setup for the CCF Treadmill is shown in Figure 1 . The COP display drew the centers of pressure calculated for the left and right feet from both front and back force plates. During that portion of the gait cycle when the stance foot was placed across both force plates, the program drew a composite "Total Center of Pressure" calculated as a weighted average of the centers of pressure over each force plate. Push Off Force (POF) was calculated based on the maximum force recorded on the rear force plate for each foot. The determination of which foot was on the plate was based on changes in the mediolateral position of the total center of pressure (Dx) curve. An Index of Symmetry (SI) was calculated using equation (1), modified from Herzog et al. (1989) . SI values from this equation have a continuous linear range from -100% to +100%, with SI = 0 indicating perfect symmetry. This SI value was displayed as shown in Figure 2 .
The %ST display was based on the algorithm's ability to determine times of heel strike and toe off. It was initially anticipated that subjects would walk such that only one foot would be on each force plate during double support. Although this was generally true for normal subjects, preliminary data on BK amputees, who walk with shortened strides, showed that this was often not the case. Therefore, a more robust method of determining heel strike and toe off times was developed, based in part on an algorithm described in Davis and Cavanagh (1993) . For the current algorithm, Dx was calculated over both force plates and filtered at a cutoff frequency of 5 Hz using a second order Butterworth filter (Winter, 1979) which relies only on the current and previous two data points, and thus can be computed in real time. The smoothed center of pressure data was differentiated with respect to time (d/dt(Dx)), and times of heel strike and toe off were extracted from the resulting curve. The d/dt(Dx) curve showed distinct positive and negative peaks when weight was shifted from each foot to the other (Figure 3 ). 
RESULTS AND DISCUSSION
Data were collected at 100 Hz under various conditions based on tests described by Kram and Powell (1989) to verify the force plate output. Data were collected with the treadmill turned off, and running at 2.5 km/hr both unloaded and with a constant load of approximately 550 N. Standard deviations of the force plate output increased from ± 2.42 N to ± 2.98 N when the treadmill was turned on in the unloaded condition. In the loaded condition, the total vertical force measured was 558.9 ± 2.79 N and 547.6 ± 12.16 N for the off and on conditions, respectively. Lastly, weights of 245 N and 490 N were lowered onto the running treadmill belt and allowed to ride the length of both force plates. The errors in force output for both force plates, for both masses, ranged from 0.93 % to 2.03 %. Force measurements from all tests were well within ± 5 % specifications quoted by AMTI, indicating that the data from the CCF Treadmill was valid.
To verify the algorithm for finding heel strike and toe off times, ten strides of data were collected at 100 Hz for four normal volunteers walking at 3.0 km/hr. Subjects were instructed to walk such that all heel strikes occurred on the front force plate and all toe offs on the back force plate. Times of heel strike and toe off, and percent stance times were calculated both from the vertical force profiles, and from changes in the d/dt(Dx) curve. Raw differences in calculations of heel strike and toe off times between the two methods were all within 0.02 sec (± 2 data points). Calculations of percent stance times from these two methods differed by less than 1.5 %. Pearson product moment correlations were computed between the two methods for values of toe off and heel strike times and percent stance times and were all highly significant (p < 0.01), thus validating the %ST algorithm.
The two force plate arrangement used in the CCF Treadmill was chosen initially for ease in determining the forces under each foot during double support, when one foot would presumably lie on each force plate. This presumption, however, was regularly violated by pathological subjects. The %ST algorithm was found to be extremely robust at distinguishing between left and right gait cycle events even when both feet were in contact with the same force plate. This is especially important in the context of gait rehabilitation when subjects may not be able to walk in a well defined manner over both force plates.
For the purposes of providing real-time visual feedback to subjects on the CCF Treadmill it was decided to focus on the symmetry relationships for two reasons. First, it can be argued that subjects alter their normal gait patterns when walking on treadmills. Whether such alterations occur or not, it was anticipated that any modifications would be bilateral, and that the symmetry relationships in the gait patterns would not be altered. Second, it can be argued that symmetry in gait may not be a property which is desirable, particularly in cases of certain gait pathologies (Winter and Sienko, 1988) . However, this begs the question of just what gait patterns are desirable. Symmetry is a universal property between different subjects and provides each subject with self-referenced gait information, rather than having to rely on defining some "optimum" gait pattern which would most certainly be different for each pathology and each patient. Additionally, it has recently been shown that modifying the weight distribution of a prosthesis to optimize gait timing symmetry resulted in significantly reduced oxygen consumption costs for a group of above-knee amputees, supporting the notion that gait symmetry and energy expenditures are related (Bach et al., 1994) .
The original purpose of this project was to develop software capable of collecting, processing, saving, and displaying gait symmetry data in real time. To the best of the authors' knowledge, this is the first attempt at producing such a real-time, continuous gait analysis system. The CCF Treadmill and feedback software has already been shown to be effective in reducing short term asymmetries in the gait patterns of BK amputees (Dingwell et al., 1994) . This device has potentially broad applications in the area of gait rehabilitation and is also capable of providing information regarding the variability of gait, the relationship between dynamic and static balance control, and the response of the locomotor system to perturbations.
